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CHEMISTRY

Accelerating ion transport in polycrystalline
conductors: On pores and grain boundaries

Erica Truong1’21', Sawankumar V. Patel'?

Polycrystalline ion conductors are widely used as solid electrolytes in energy storage technologies. However, they
often exhibit poor ion transport across grain boundaries and pores. This work demonstrates that strategically tun-
ing the mesoscale microstructures, including pore size, pore distribution, and chemical compositions of grain
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boundaries, can improve ion transport. Using LiTa,POg as a case study, we have shown that the combination of LiF
as a sintering agent with Hf** implantation improves grain-grain contact, resulting in smaller, evenly distributed
pores, reduced chemical contrast, and minimized nonconductive impurities. A suite of techniques has been used
to decouple the effects of LiF and Hf**. Specifically, LiF modifies particle shape and breaks large pores into smaller
ones, while Hf*" addresses the chemical mismatches between grains and grain boundaries. Consequently, this
approach achieves nearly two orders of magnitude improvement in ion conduction. Tuning mesoscale structures
offers a cost-effective method for enhancing ion transport in polycrystalline systems and has notable implications

for synthesizing high-performance ionic materials.

INTRODUCTION

Ion conduction in polycrystalline materials occurs in grains and
across grain boundaries. Most polycrystalline ion conductors suffer
from poor ion transport across grain boundaries. Elevated activa-
tion energy barriers across grain boundaries are the primary factor,
leading to grain boundary conductivity one to three orders of mag-
nitude lower than bulk conductivity (1, 2). For example, LiTa,POs,
discovered by Kim et al. (3), shows an impressive room-temperature
bulk ionic conductivity of 1.66 mS cm™ ", among the highest in the
oxide class of solid electrolytes. However, this oxide material suffers
from poor Li* transport across grain boundaries. As a result, the
total ionic conductivity, 0.02 mS cm™, is two orders of magnitude
lower than the bulk conductivity. Therefore, it is crucial to deter-
mine and modify the grain boundaries and other mesoscale micro-
structures to enhance the overall conductivity (4-6).

A crystallographic grain boundary is defined as a lattice defect
because of a mismatch at the crystallite/grain interfaces, with the
thickness ranging from 0.2 to 1 nm (I, 2). Grain boundaries could
be considered a lattice mismatch between two grains of the same
phase or generated because of secondary phases. In both cases, the
ion transport in the grain boundary regions is often severely hin-
dered (7). One major factor attributed to poor grain boundary con-
duction is extended defects such as microcracks and porosity, which
correlate with the ion conduction and overall performance in poly-
crystalline ion conductors (8). The most common relationship is
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that electrolytes of low porosity and high density exhibit improved
ionic conductivity compared to electrolytes with high porosity and
low density. Grain boundaries are believed to be the source of these
defects because of their low fracture toughness compared to the
bulk (9, 10). Therefore, the inherent route to improve ion conduc-
tion of polycrystalline materials is to minimize extended defects, yet
this entails high-temperature sintering and other more stringent
syntheses at a high cost. In addition, extended defects in high-density
materials are often generated during device operation.

Fortunately, ion transport in polycrystalline materials can be im-
proved without eliminating extended defects. Polycrystalline mate-
rials are often influenced by collective or emergent behaviors, such
as the interactions between grains and pores. This is well demon-
strated in the work by Lin ef al. (8), which shows that the absolute
porosity or density of a material does not necessarily correlate with
poor ion transport. Therefore, mesoscale structural features, such as
the distribution and size of the pores and grain boundaries, can be
tuned to facilitate ion transport. Furthermore, the composition at
grain boundaries has been shown to play a notable role in ion trans-
port. Xu et al.’s study (4) identified trace impurities at grain bound-
aries to be the likely major source of grain boundary charge. The
aforementioned positive grain boundary core causes the depletion
of lithium ions in adjacent space charge layers (11, 12) and thus cre-
ates a gradient in the concentration profile of lithium ions across
grain boundaries, leading to a reduced number of charge carriers at
grain boundaries, which impedes ion transport (13). Therefore,
harnessing the chemical tunability of grain boundaries presents
another venue for enhancing ion transport in polycrystalline solid
electrolytes.

To understand the impact of mesoscale structures on ion conduc-
tion, we varied the pore size, distribution, and grain boundary chemical
compositions of LiTa,POg with Hf*" doping combined with LiF-
assisted sintering and examined its ion transport properties. Overall,
with advanced characterizations of the structures and ion dynamics,
we found that adding Hf*" and LiF not only mitigates differences in
chemical composition but also alters the pore size and distribution. As
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a result, we observed improved grain boundary ion transport and en- The doping limit of Hf*" in the Liy4Hf, Ta,_,POg structure was
hanced the overall ionic conductivity from 0.02 to 0.79 mS cm L. The x~0.05 (fig. S1B). Such alow doping limit is due to the formation of
insights gained from this work will provide guidance on leveraging a competing NASICON (sodium superionic conductor) phase of
mesoscale structures for enhanced material performance. LiHf,(PO,); that is thermodynamically stable, which was also con-
firmed by *'P NMR (fig. S5). Using the convex hull minimum energy
reference, the thermodynamic energy impact of substituting Ta>*

RESULTS with Hf** was evaluated with density functional theory (DFT)-calcu-
Structures via neutron diffraction and pair distribution lated phase diagrams. The energy above the hull increases upon Hf**
function analysis doping, as represented in Table 2. This illustrates that incorporating

The structures and phase stability of LiTa,POg, Lij gsHf 0sTa; 9sPOs,  Hf*" in the bulk structure of LiTa,POy is energetically unfavorable,
and Li; osHfy 05Ta; 9sPOg-0.15LiF were examined using high-resolution ~ which explains the poor doping limit.

neutron and x-ray powder diffraction. Hereafter, the samples will be The neutron pair distribution function (nPDF) G(r) was obtained
denoted as follows: LiTa,POg (LTPO), LiTa,POs-0.15LiF (LTPO-LiF), to determine the local structural changes induced by Hf doping.
Liy osHfo 05 Ta1.0sPOg (LHTPO), and Li,; ¢sHfo5Ta1.9sPOs-0.15LiF  Figure 2A represents the nPDF with the corresponding atom pairs
(LHTPO-LIF). Figure 1A displays the crystal structure of the LHT-  determined from the refined structure using Bragg diffraction. The
PO. The framework consists of corner-shared polyhedra of TaOs peak between 1.52 and 1.54 A represents the P-O pair in the PO,
and POy located in fully occupied crystallographic sites. Tantalum  tetrahedra, which exhibits no notable change other than a slight in-
(Ta) occupies three Wyckoff sites, i.e., 4a, 4e, and 8f, whereas phos-  crease in the average P-O distance from 1.52 to 1.54 A because of
phorus occupies 8f. Lithium ions partially occupy four interstitial ~Hf** doping (fig. S6). The peak at around 1.95 A corresponds to the
sites (tables S1 to S3 and fig. S1A). Rietveld refinement of the dif- Ta-O pair in the TaO4 octahedra, whereas the shoulder peak around
fraction data on LTPO (fig. S2), LHTPO (fig. S3), and LHTPO-LiF  2.05 A corresponds to Hf-O in the HfOg octahedra. The ionic radius
(Fig. 1, B to D) was implemented to determine the changes in unit  of hafnium in octahedral coordination is larger (0.71 A) than that of
cell parameters upon hafnium doping. All the peaks match the tantalum (0.64 A), resulting in longer Hf-O bonds. A reduction in
monoclinic space group C/2¢ (space group no. 15) with an Ry, of  the intensity of the Ta-O pair with an increase in the intensity of the
4.513. Hf partially replaces Ta at the Wyckoft 4a sites. Note that F Hf-O pair confirms the incorporation of hafnium in the structure
was not considered in the refinement because it was removed during  (Fig. 2B). Another key observation from the nPDF is the negative
the high-temperature treatment, confirmed with '°F nuclear mag-  intensity peak at ~2.3 A from Li-O pairs (Fig. 2C). The peak inten-
netic resonance (NMR) (fig. S4). Table 1 reports the changes in unit ~ sity increases and smears out upon Hf** doping, signifying lithium
cell parameters and volume upon hafnium doping. An increase in  disorder and delocalization. Similar changes in the Li*-anion pair
lattice volume upon hafnium doping indicates the successful incor-  have been observed in Cl- and Br-rich argyrodites that correlate the
poration of hafnium in the structure. This is expected as Hf** exhib-  lithium delocalization with fast Li*-ion conduction (14). Figure 2D
its a larger ionic radius than Ta’* with a difference of ~0.1 A. shows the real-space PDF refinement using the structural parameters
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Fig. 1. Average structure of Lij osHfp.05Ta1.05P03-0.15LiF, obtained from the Rietveld refinement of the neutron diffraction data. LiF is a sintering additive and
leaves no trace in the structure. (A) Polyhedral connectivity of TaOg and PO, in the LiTa,POg framework. Rietveld refinement of the neutron diffraction pattern for
Liy.0sHfo.05Ta1.0sPOg-0.15LiF: (B) Bank 2, (C) Bank 3, and (D) Bank 5. a.u., arbitrary units.
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Table 1. Unit cell parameters of Li,Hf,Ta,_,POg compositions. Results were calculated from Rietveld refinement.

Sample a(A) b(A) C(A) B vol (A%)
LiTa,POs 9.7091 11.5339 10.7079 89.967 1199.105
Li 9.7131 11.5363 10.7089 89.920 1199.970
Li osHfo.05Tay 9sPOg-0.15LiF 9.7171 11.5374 10.7101 89.954 1200.723

Table 2. Energy above hull (meV/atom) of the Li;,Hf,Ta,_,POg compositions. Results were calculated from a phase diagram analysis with experimentally

reported phases in Materials Project.

Li1xHfsTa,_,POg

Energy above hull (meV/atom)

Decomposition products

x=0 16.4 Ta205, Li3PO4, TaPOs
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Fig. 2. Local structural analysis of LiT32P03, Li]lostQ.osTaLgsPOg;, and Li1.05Hfo.05Ta1.95P03-0.1 5LiF. (A) nPDF of LiTa,POsg, Li1‘05Hf0'05Ta1‘95P08, and Li-|'05Hf0<05Ta1.95P08—
0.15LiF. (B) Local structural changes in the first near-neighbor coordination of Ta/Hf-O and (C) local structural changes in the first near-neighbor coordination of Li-O pairs.

(D) PDF real space refinement from 1.3 to 10 A using the monoclinic space group.

from Bragg refinement, and the results show that the local structure
fits in the monoclinic space group.

Roles of LiF and Hf in modifying the mesoscale structures

Scanning electron microscopy (SEM) was used to examine the mor-
phology of synthesized solid electrolytes. Figure 3 shows the SEM
images of LTPO and LHTPO-LiF under both secondary electrons

Truong et al., Sci. Adv. 11, eadt7795 (2025) 14 May 2025

(SEs) and backscattered electrons (BSEs). SE images shown in Fig. 3
(A and B) provide topological information about the surface. The
LTPO (Fig. 3A) has more voids than the LHTPO-LiF sample (Fig. 3B).
The BSE yield depends on the composition of the sample and the
crystal orientation. Therefore, grain boundaries that are not de-
tectable in SE images can be observed in BSE images (fig. S7). Figure 3
(C and D) shows zoomed-in BSE images of pristine LTPO and
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A LiTa,PO,

B Li1.osto.osTa1.95P08'LiF

c LiTa,PO,

Li1.osto.osTa1.95POs'LiF

Fig. 3. SE and BSE SEM images of sintered LiTa,POg and Liq o5Hf,05Ta1.905P0g-0.15LiF samples. SE images of (A) LiTa,POg and (B) Liy gsHfo 05 Ta1.9sPOg-0.15LiF. Zoomed-
in BSE images of the marked areas in (C) LiTa,POg and (D) Liy osHfg 05Ta1.05P0g-0.15LiF, revealing the grain boundaries. Liy osHfg gsTaq.05POs-0.15LiF exhibits fewer and less

visible grain boundaries compared with LiTa,POs.

LHTPO-LIF, respectively. The average grain size in pristine LTPO is
smaller, ranging from 0.2 to 1.6 pm (Fig. 3C), compared to LHTPO-
LiF (Fig. 3D), which ranges from 1 to 5 pm. A statistical analysis
from multiple areas is provided in fig. S8. A larger grain size reduces
the grain-to-grain contact area, minimizing the grain boundary per
unit volume and apparent voids between grains. Moreover, a differ-
ence in the contrast between grain and grain boundaries is also ob-
served. The grain boundaries are visible in the LTPO sample (Fig.
3C). In contrast, in LHTPO-LIF (Fig. 3D), the grain boundaries are
not apparent from the seemingly smoother surface, which indicates
alesser deviation of the grain boundary composition from the grains.
Therefore, adding Hf*" and LiF plays a key role in modifying the
chemical composition and morphology, specifically grain size and
contact, of grain boundaries.

To further examine the role of Hf** and LiF in shaping the mor-
phology of LHTPO particles, we compared SEM/energy-dispersive
x-ray spectroscopy (EDS) maps of LTPO, LTPO-LiF, LHTPO, and
LHTPO-LIF (fig. S9). From the SEM images, the presence of voids is
apparent for LTPO, LTPO-LiF, and LHTPO, while LHTPO-LiF shows
fewer large voids with smooth cross sections. This observation ex-
emplifies the importance of both Hf** and LiF for minimizing large
voids and grain boundary formation. Comparing LTPO and LTPO-
LiE the number of large voids decreased with the addition of LiF (fig. S9,
A and B). LiE, with a low melting point, aids in particle compaction and

Truong et al., Sci. Adv. 11, eadt7795 (2025) 14 May 2025

reduces large pores (15). Any residual LiF is removed via sublima-
tion during the final sintering step at ~1050°C (fig. S4) (16). The
corresponding EDS images for LTPO-LiF reveal that the remaining
small pores shown in the SEM image are occupied by the LizPO4
and LiPOj; impurity phases (fig. S9B).

The role of Hf*" is twofold: minimizing pore size and promoting
large grain formation. These two effects are likely correlated because
Figure 3 (C and D) unveils that pores form at grain boundaries,
especially at trijunctions. Fewer grain boundaries will yield fewer
pores of large size. From the LHTPO SEM/EDS images (fig. S9¢),
the morphology and composition are more uniform than those of
LTPO and LTPO-LiF. However, many small pockets are still visible
in LHTPO, of which the Ta concentration is relatively lower than Hf
and P. These pockets are most likely filled with LiHf,(PO,); and Hf-
doped LiTa,POg, supported by the Hf** distribution mainly around
the grain boundaries and in the pores (fig. S10). Using the benefits
of Hf*" and LiF, the number of large defects and aggregated impuri-
ties in the LTPO system becomes nearly negligible (fig. S9D). In
summary, with the addition of LiF, the grain-to-grain contact can be
improved. Still, adding Hf** is necessary to further lessen grain
boundary composition deviation from grains and minimize low-
conductive phosphates.

This leads to an intriguing question: Do LiF and Hf*" improve
the pellet density of LTPO? From density measurements (Table 3),
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Table 3. Pellet densities of Li;..xHf,Ta,_,POg. Densities were calculated
with respect to the theoretical density of LiTa,POsg (5.85 g cm’3).

Sample Density (%)

LiTa,POg 97.0
86.0
91.7

Liq.0sHfo.05Ta1.95P0g-0.15LiF 85.5

LTPO exhibits the highest density, ~97% of the theoretical value, but
the lowest ionic conductivity. LHTPO-LIF has the lowest density of
~85% but the highest ionic conductivity. Thus, ion transport is more
influenced by the size and arrangement of the extended defects than
by pellet density. As demonstrated, LiF and Hf*" substantially mod-
ify the size and distribution of the pores and grain boundaries. The
morphology of LTPO and LTPO-LiF is inconsistent and rough (fig.
$9). However, with the incorporation of Hf*", the pellet surface is
relatively uniform, and the impurities and voids are more evenly
distributed compared to LTPO and LTPO-LiF. This was shown to be
beneficial as the activation energy for ion transport at grain boundaries

A
Li, ,,Hf, ,,Ta, ,,PO,-0.15LiF
LiTa,PO,
Hf-doped
LiTa,PO,

Li1 .05Hf0.05Ta1 .95P08

LiHf,(PO,),

LiTa,PO,-0.15LiF

LiPO,

LiTa,PO,

T T T T T T T T T T T T T T T T

10 0 -10

31P shift (ppm)

-20 -30

decreased from 0.46 to 0.35 eV for LTPO and LHTPO, respectively
(table S4). The low contrast in chemical composition and micro-
structures was shown to be more beneficial for grain boundary con-
duction than bulk. Therefore, Hf** influences the arrangement of
defects and chemical composition of the grain boundaries, making
it favorable for ion conduction.

Tracing Hf to the grain boundaries: High-resolution NMR

High-resolution >'P NMR was acquired to probe local changes in
the phosphorus local environment (17-19). Figure 4A shows the *'P
NMR of LTPO, LTPO-LiF, LHTPO, and LHTPO-LiE. On the basis
of the crystal structure refinement, PO, of LiTa,POg occupies one
crystallographic site, Wyckoff 8f. This is evident from the one *'P
resonance at ~—10 parts per million (ppm) in the LTPO. The minor
peak observed at 9.95 ppm is attributed to the Li;PO,4 impurity
phase (20, 21). With the addition of LiF, additional impurity phases
are observed with *'P NMR resonances between —24 and —21 ppm,
which are assigned to a mixture of crystalline and glassy LiPO;
phases (22, 23). Hafnium doping results in two additional peaks at
—19 and —17 ppm, corresponding to the Hf-doped LiTa,POg and
impurity phase LiHf,(POy)s, respectively (Fig. 4B). The assignment
of the —17-ppm resonance was confirmed by the *'P NMR of the
synthesized pure NASICON phase LiHf,(PO,); (fig. S5). The 3lp

B == LiPO,
== Glassy LiPO,
== LiHf,(PO,),

Uioped LiTa,PO,

5 -10 -15 20 -25
3P shift (ppm)

C

100[
=95}
=
= 90}
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£ 151 _a- LiHf,(PO,), -e- LiPO,
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T T T T
LTPO LTPO-LiF LHTPO LHTPO-LIF

Fig. 4. PO,>~ local structural environments in LiTa,POg, LiTa;,P0g-0.15LiF, Liq gsHfo.05Ta1.95POg, and Liy osHfo.05Ta1.95P0-0.15LiF probed by *'P NMR. (A) *'P NMR
spectra. (B) Zoomed-in 3p NMR spectra to show the Hf-doped LiTa,POg peak. (C) Quantification of LiTa,POs, Hf-doped LiTa,POg, and impurity phases including LisPO4

and LiPOs.
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NMR shifts of LiTa,POg and Hf-containing phases were validated
with DFT NMR calculations (table S5). Quantification of the phases
observed from *'P NMR is shown in Fig. 4C. LiF, as a sintering aid,
increases the incorporation of Hf*" in the structure from ~3 to 11%
and limits the formation of LiHf,(PO,); and LiPO; (23). Results from
solid-state NMR, nPDEF, and EDS mapping all support the incorpo-
ration of Hf*" in the structure. In addition, SEM/EDS of LHTPO
shows that Hf*" is distributed differently from Ta (fig. $10), showing
clusters of Hf-concentrated areas, likely LiHf,(PO,)3; impurity phases.
In addition, the remaining Hf*" seems to distribute evenly around
the grain boundaries in both LHTPO and LHTPO-LIF (fig. S10).
Using *'P NMR T; relaxation experiments, the location of Hf** was
also indirectly probed. The results are shown in Table 4. The T value
of LiTa,POg (—10 ppm) is three times larger than that of the Hf-doped
LiTa,POg (—19 ppm). Such a difference in T; signifies that Hf* is
incorporated into a distinct spatial location other than LiTa,POg
grains. Combined with the results from SEM and EDS, Hf-doped
LiTa,POyg is most probably located at the grain boundaries.
High-resolution °Li NMR was acquired to investigate the effects
of Hf** doping on the lithium structural environments. The crystal
structure contains four crystallographic Wyckoff sites of the Li*-ion
that are partially occupied (table S1). However, because of the fast
exchange of Li*, the peaks coalesce into one. The °Li NMR of LTPO
reveals a symmetric line shape that resonates at ~0.48 ppm (fig. S11).
With the addition of LiF, a shoulder is observed at —0.31 ppm, which
corresponds to LisPO4 impurities. The resonance of the other impurity,

Table 4. 3'P NMR T, relaxation times of LiixHfxTaz_xPOg.

LiPOj3, overlaps with the major resonance of LTPO (24, 25). The line
broadening decreases with addition of LiF and Hf** from 57 Hz for
LTPO to 34 Hz for LHTPO and 25 Hz for LHTPO-LIF. °Li NMR
suggests that <2% Hf doping substantially modifies the Li* local en-
vironments. The resonances of Hf-doped LiTa,POg and LiTa,POg
are not resolved; this may be due to Li* exchange between these two
phases, which requires close spatial proximity between LiTa,POg
and Hf-doped LiTa,POg phases. Therefore, the small amount of Hf-
doped LiTa,POs is likely located at the surfaces of LiTa,POg grains,
i.e., grain boundaries. This position facilitates effective Li* exchange
between these phases and stabilizes the metastable Hf** doping
within LiTa,POg through disordered grain boundary structures in
the LHTPO-LiF sample.

lon transport and dynamics

To understand the effects of hafnium incorporation on Li*-ion trans-
port, we conducted electrochemical impedance spectroscopy (EIS)
measurements. Separating the contributions of bulk, grain bound-
ary, and electrode to the total conductivity is complex and has been
extensively studied, especially for oxide electrolytes (26-29). To
clearly elucidate all the polarization contributions in solid electro-
lytes, a broad frequency range, 1 x 10° to ~2 x 10° Hz, or performing
temperature-dependent EIS measurements is necessary (26, 27). We
chose to do the latter. Figure 5A shows the room-temperature Ny-
quist plots of LTPO, LTPO-LiF, LHTPO, and LHTPO-LIF, with the
temperature-dependent EIS measurements displayed in fig. S12. A
zoomed-in figure of the Nyquist plot measured at —40°C for LTPO
shows the two semicircles (fig. S13), corresponding to ion transport
in the grain and across grain boundaries, respectively. Conductivities
were determined from the Nyquist plots using the equivalent circuit

Sample LiTa;POq(s) Hf-dopedLiTa;POs (s) models described in the Supplementary Materials (fig. S14) (26, 30).
LiTa,POg 6.0 - LTPO exhibits a high bulk conductivity of ~1.99 mS cm ! and a total
LiTa,POg-0.15LF 65 conductivity of 0.013 mS cm™". Bulk transport occurs at ~3 MHz,
UirosHfoosTaresPOs 61 26 whereas grain boundary transport is detected at ~121 Hz. With the
Li1losto'osTa1495P03-6'.‘1H5'I‘.'i‘l5 """ oy o addition of LiF, the grain boundary transport of LTPO-LiF is detected
o at ~25 kHz and exhibits an improved conductivity of 0.073 mS cm™".
On the other hand, LHTPO showed the timescale of grain boundary
A B C Temperature (°C)
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Fig. 5. Lithium-ion transport properties are determined via AC electrochemical impedance spectroscopy. (A) Room-temperature Nyquist plots of LiTa,POs,
LiTa;POg-0.15LiF, Liq osHfo.0sTa1.9sPOs, and Liq osHfo 05 Ta1.9sPOs-0.15LiF. The inset displays the part of the Nyquist plot related to the bulk ionic conductivity of LiTa,POs.
(B) Zoomed-in Nyquist plots of Lij osHfg0sTa1.0sPOg and Liy gsHfp 05Ta1.95POg-0.15LiF. The extracted bulk and total ionic conductivities are listed in Table 5. (C) Arrhenius

plots of total ionic conductivity.
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Table 5. Room-temperature bulk and total ionic conductivities of
Liy;xHfxTa;_xPOg. Conductivities were determined using ac
electrochemical impedance spectroscopy (Fig. 5).

Sample Ggulk (MS ecm™") GTotal (MS cm™")
LiTa,POg 1.99 0.013
LiTa,POg-0.15LiF - 0.073

Li1 osHfo.0sTa
Li].05Hfo'05Ta1‘95P03-0.1 5LiF -

transport occurring at ~60 kHz, signifying improved grain boundary
conductivity (Fig. 5B). The overall ionic conductivity for LHTPO is
0.43 mS cm™",a30-fold enhancement compared with that for LTPO. With
Hf'* doping and LiF-assisted sintering, total ion transport at grain
boundaries is further enhanced and becomes indistinguishable from
ion transport in bulk. As a result, the total ionic conductivity of LHTPO-
LiF is further improved to 0.79 mS cm™". The room-temperature bulk
and total conductivity values are presented in Table 5. The activation
energies are calculated on the basis of the variable-temperature EIS
measurements (fig. $12). Figure 5C shows that LHTPO-LIF has a low-
er activation energy (0.35 eV) than pristine LTPO (0.44 eV), thereby
implying that not only does Hf** doping increase the overall ionic
conductivity, but it also lowers the activation energy.

’Li NMR T; relaxation times were measured to probe Li* dy-
namics (table S6). Since only one ’Li resonance is resolved, the T}
values reveal the average Li* dynamics. According to the Bloember-
gen, Purcell, and Pound model, the T; relaxation time is a function
of motional rate (1/7.), as shown in Eq. 1 (31, 32)

1\ 3yt T
<?> = 10 6 2 +
1 L 1+ (000’5 c)

where |, is the vacuum permeability, y is the gyromagnetic ratio, 7
is the reduced Planck constant, r,, is the interatomic distance, and w,
is the Larmor frequency. In the slow-motion regime (w,tc >> 1;
®, = 116.64 MHz), T) decreases with increasing motional rate. In
other words, faster ion motion is correlated with shorter T, relax-
ation times. To determine whether the T, values lie in this regime,
we measured variable-temperature ’Li NMR T| relaxation times for
LHTPO-LiF (fig. S15). In fig. S15, the T values decrease with in-
creasing temperature, indicating that Li*-ion motion in this mate-
rial lies in the slow-motion regime of the Bloembergen, Purcell, and
Pound model. LHTPO and LTPO-LIF exhibit larger T values, signi-
fying a relatively slower average Li* dynamics, possibly due to a no-
table amount of the low-conducting LiHf,(PO4); and LiPO3 impurity
phases in LHTPO and LTPO-LIF, respectively. This aligns well with
EIS measurements, in which the LHTPO-LiF shows the shortest T},
indicating the fastest Li* dynamics among the four samples. This
acceleration may be attributed to the enhanced Li* dynamics in the
Hf-doped LTPO phase, where its participation in the global ion
transport and exchange with Li* in LTPO elevates the overall Li*-
ion mobility.

47

C

1+4(0,t.)’

(1)

DISCUSSION
The characteristics and distribution of pores and grain boundaries
affect ion conduction in polycrystalline solid electrolytes. In this

Truong et al., Sci. Adv. 11, eadt7795 (2025) 14 May 2025

study, we leverage two strategies to alter the pore size, distribution,
and chemical composition of grain boundaries to accelerate ion
transport in the representative LiTa,POs. Pure LiTa,POg exhibits
large pores and Li;PO, impurities, thereby leading to poor ion con-
duction. We first break down the large pores into small ones and
redistribute them by using a sintering agent, LiF; this speeds up ion
transport with a lowered activation energy. The grain boundaries
are then further “glued” together by Hf** incorporation, which mit-
igates the chemical difference between grain and grain boundaries
and further elevates grain boundary ion transport. High-resolution
SEM reveals larger grains with less visible grain boundaries in
Li; osHfp o5 Ta; 9sPOg-0.15LiF compared with LiTa,POg. High-resolution
’'P NMR, relaxometry measurements, and EDS mapping elucidate
that Hf resides in the grain boundary regions. "Li NMR relaxometry
measurements reveal enhanced average Li*-ion mobility in Li; osHfy g5
Ta; 9sPOg-0.15LiF, consistent with the EIS observation of the en-
hanced overall ionic conductivity. This work provides a practical
and effective strategy to enhance ion conduction in polycrystalline
solid electrolytes.

MATERIALS AND METHODS

Synthesis of Liq, HfTa,_,POg

Pristine and Hf-doped LiTa,POg were synthesized via the high-
temperature solid-state method. Stoichiometric amounts of LiOH
(Alfa Aesar, >99%), TaOs (Alfa Aesar, >99.85%), (NH4),HPO, (Alfa
Aesar, >98%), HfO, (Sigma-Aldrich, >99%), and LiF (Alfa Aesar,
>99%) were stoichiometrically weighed in a 30-ml zirconia jar. Then,
10 mol % of excess LIOH was added to compensate for lithium loss at
high temperatures. Mechanochemical wet milling was used to uni-
formly mix the powders in 2.5 ml of acetone using the SPEX 8000M
miller. The wet powder was dried at 60°C to remove acetone and then
sintered at 600°C for 8 hours. The sintered powder was milled again
for 1 hour and then sintered at 1000°C for 8 hours. The sintered pow-
der was finely ground and pressed uniaxially into 6-mm pellets for a
final sintering step at 1050°C for 12 hours. All sintering steps were con-
ducted under ambient air.

Solid-state NMR

All NMR experiments were performed using the Bruker Avance-III
500-MHz 89-mm-bore spectrometer at the National High Magnetic
Field Laboratory. °Li, “Li, and *'P magic angle spinning (MAS)
NMR experiments were performed at Larmor frequencies of 73.6,
194.4, and 202.5 MHz, respectively. A single-pulse experiment was
carried out to collect °Li and “Li NMR with n/2 pulse lengths of 4.75
and 3.35 ps, respectively. For >'P NMR, a spin-echo pulse sequence
was used with a 71/2 pulse length of 4.2 ps. The "Li and *'P T} relax-
ation times were determined using inversion recovery pulse sequence
experiments. Samples were packed under air into 2.5-mm zirconia
rotors and spun at a MAS speed of 25 kHz.

Variable-temperature "Li T, relaxation experiments were per-
formed using the Bruker Avance-I 300-MHz 89-mm-bore spectrom-
eter at a Larmor frequency of 116.64 MHz. The inversion recovery
pulse sequence was used to determine the T relaxation times with a
/2 pulse length of 2.62 ps. Experiments were collected at tempera-
tures from 25° to 95°C at an interval of 10°C. Samples were packed
under air into 4-mm zirconia rotors and spun at a MAS speed of
9 kHz. ®’Li NMR was calibrated using LiCl) at —1.1 ppm. >'P NMR
was calibrated using 85 wt % H3POy() at 0 ppm.
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Scanning electron microscopy/energy-dispersive

X-ray spectroscopy

Electron microscopy studies were carried out using a JEOL JSM-
7900FLV scanning electron microscope with an accelerating voltage
of 5kV and a probe current of 80 mA. EDS studies were carried out
using a JEOL JSM-IT800 SEM/EDX system with an accelerating volt-
age of 15.0 kV with a dwell time of 5 ps. The sintered pellets were pol-
ished and mounted with carbon tape on an aluminum stub.

Neutron scattering

Neutron scattering experiments were performed at the NOMAD
beamline (BL-1B) at the Spallation Neutron Source at Oak Ridge Na-
tional Laboratory. The pellets of ~0.6 g each were ground into a fine
powder and packed into 3-mm capillary tubes. The experiments were
conducted at room temperature with a 1-hour acquisition for each
sample. The total scattering structure factor S(Q) was obtained after
the background subtraction and normalization of the data. Last, the
S(Q) was Fourier transformed to obtain the PDF G(r), which was
analyzed using PDFgui software.

Rietveld analysis

Average structure analysis on the Bragg data was performed using
GSASII software. The data from each detector bank (31.0° 65.0°, 120.4°,
and 150.1°) were refined simultaneously using the monoclinic space
group. The Chebyshev background function and pseudo-Voigt
peak profile using the Si standard were used to generate instrumental
parameters.

Electrochemical measurements

The ionic conductivities were determined on the basis of ac imped-
ance spectroscopy using the Gamry Analyzer Reference 600+ with a
frequency range of 1 Hz to 5 MHz. Samples were pelletized using a
6-mm die mold set and pressed at 4.14 MPa using a hydraulic press.
Gold was sputtered on both sides of the pellets as blocking electrodes.
Variable-temperature impedance measurements were conducted using
the CSZ Microclimate chamber within a temperature range of —40°
to 120°C at 20°C intervals with an applied voltage of 10 mV.

DFT calculations

All DFT energy calculations and ab initio molecular dynamics simula-
tions were performed in the Vienna Ab initio Simulation Package
(VASP). Projector augmented wave potentials with a kinetic energy
cutoff of 520 eV were used in all structural optimizations and total en-
ergy calculations, and the exchange and correlation functionals were
described within Perdew-Burke-Ernzerhof generalized gradient ap-
proximation. An electrostatic energy criterion was applied to prescreen
10 lowest-energy structures with different Li*/vacancy and Ta>*/Hf**
orderings based on the experimentally identified crystal structure of
LiTa,POg, which include partially occupied Li sites. The lowest-energy
structure for each composition was obtained from DFT structure opti-
mization for the 10 prescreen structures. The phase stability of each
composition was evaluated by generating the convex hull formed by
the ground-state phases in the chemical spaces defined by all of the ele-
ments in the material, including the dopant species. All of the experi-
mentally identified crystalline phases in the specific chemical space
were included and processed using the Pymatgen software package
interfaced with the Materials Project database (33-35). Materials above
the convex hull are expected to decompose into their nearest phase on
the facet of the convex hull.

Truong et al., Sci. Adv. 11, eadt7795 (2025) 14 May 2025

The supercells of Hf-doped LiTa,POg were built on the basis of the
unit cell of LiTa,POg with eight times formula units. The composi-
tions of the supercell models are LigHf; Ta;5PgOg4, LijoHf,Ta14PgO64,
Lian3Ta13P8064, and Lilef4T3.12P3064. The DFT optimization struc-
tures are included in the Supplementary Materials (VASP xml files).

Supercells for LiT212P08 (2 by 1 by l), Lil_ost0_05Tal_95POg (2 bY
1 by 1), and LiHf,(PO4)3 (2 by 2 by 1) were constructed on the basis
of their unit cell parameters using Pymatgen. The isotropic chemical
shifts of the relaxed structures were then calculated using perturba-
tion theory (36, 37).

Supplementary Materials
The PDF file includes:

Tables S1to S6

Figs.S1to S15

Legend for data S1
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